ability to block presynaptic vesicle fusion using botulinum neurotoxins has been introduced as an effective approach to genetically interfere with neurotransmission in specific CNS cell types (Saint-Amant and Drapeau, 2001 toxins are tethered to the cell surface via a GPI anchor yet retain their ability to specifically block ligand and formation. These studies harness the pharmacological properties of peptide toxins for use in genetic experivoltage-gated receptors and ion channels cell autonomously in Xenopus oocytes and in vivo in zebrafish musments. When combined with specific methods of cell and temporal expression, the extension of this apcle fibers. proach to hundreds of naturally occurring peptide toxins opens a new landscape for cell-autonomous reguResults lation of cellular physiology in vivo.
, we first tested whether these molecules could retain their activity and specificity when L-type, and T-type Ca 2ϩ channels (Olivera et al., 1994) . Specific blockades of Ca 2ϩ currents can be used to tethered to the cell surface. Recordings of nicotinic receptor activities in response to these tethered toxins examine a variety of crucial cellular functions, including mechanisms of presynaptic neurotransmitter release, confirmed this expectation (Figure 2 ). Thus, coexpression of tethered ␣-bungarotoxin (t-␣Bgtx) with muscle signal transduction, and hormone secretion (Olivera et al., 1994; Tsien, 1983) .
␣1␤1␥␦ or neuronal ␣7 nAChRs on the surface of oocytes completely blocks current flow in response to acetylcholine, but does not block ␣4␤2 nAChR function. In conSpecific Inactivation of nAChR Subtypes with Tethered Bungarotoxins and Conotoxins trast, tethered -bungarotoxin (t-Bgtx) does not block ␣1␤1␥␦ nAChR function when coexpressed in the oocyte Each of the tethered toxins was coinjected into Xenopus oocytes with its appropriate target(s) or controls and system. Rather, it specifically blocks the neuronal nAChR composed of ␣7 subunits and partially blocks was assayed by two-electrode voltage clamp recordings. Given the strong structural homology of the bung-␣4␤2 receptors, consistent with the relative affinities described in previous studies using soluble toxins (Table  arotoxins and their efficacy and specificity for specific nAChRs prompted blocked Ͼ90% of the current flux through Na v 1.2 channels in oocytes, without affecting N-type Ca 2ϩ channel us to test whether a second structurally distinct class of toxins known to act on nAChRs could also retain their or shaker K ϩ channel function (Figure 3 ). In contrast, tethered -conotoxin MVIIA (t-MVIIA) coexpression specificity when tethered to the cell surface (Figure 2) . Thus, tethered conotoxins PnIB (t-PnIB) and MII (t-MII) completely blocked Ca v 2.2 (N-type) Ca 2ϩ channels, without affecting the Na v 1.2 Na ϩ or shaker K ϩ channels. were tested for their ability to inhibit nAChR currents in oocytes. As shown in Figure 2 , t-PnIB retains its specificTaken together, our data indicate that toxins from several different classes can retain their specificity and acity for ␣7 nAChRs, resulting in a block of these currents without affecting either the muscle or neuronal ␣4␤2 tivity when expressed as GPI-anchored molecules, effectively inhibiting currents that are fundamental to the nAChR activities. As expected (Luo et al., 1999), t-MII does not inhibit the activity of these receptors.
physiologic activities of neurons and other cell types. It is important to note, however, that attempts to create tethered toxin constructs using toxin molecules that norInactivation of Voltage-Gated Sodium and Calcium Channels with Tethered Conotoxins mally contain noncanonical amino acid residues have not generally been successful. For example, unsatisfacThe ability to use tethered conotoxins to manipulate their cognate target molecules presented the possibility tory results were obtained with several toxins in which trans-4-hydroxyproline was present in the venom, which of performing an astounding array of genetic experiments to manipulate the properties of cells in vivo. Thus, was substituted by proline in our tethered toxin constructs. Thus, tethered toxin constructs for GID, PIIIA, there are ‫005ف‬ species of cone snails, each expressing a unique set of 50 to 200 peptide toxins, yielding a GVIA, and RIIIK all exhibited reduced or no activity when tested in oocytes (data not shown). We believe that this collection of nearly 50,000 conotoxins, of which less than 0.2% have been characterized (McIntosh et al., is due to the requirement for hydroxyproline in these toxins, as has been shown in the case of conotoxin GIIIA 1999). However, a significant proportion of these molecules (e.g., those that block voltage-gated ion channels) (Wakamatsu et al., 1992), although further experimentation will be required to test this idea. have been shown to block activity by binding in the vestibule of the ion channel to directly block ion flux (Olivera et al., 1994; Terlau and Olivera, 2004) . Given the Tethered Toxins Function Cell Autonomously Maximal utility of the tethered toxin approach for in vivo small size of the conotoxin functional domains and the increased distance and rotational flexibility required for use requires that the toxins act in a cell-autonomous manner. To demonstrate that the tethered toxins are not a tethered toxin to bind properly within the vestibule of the channel (Figure 1B) , it seemed probable that extenreleased from the cell surface to affect nearby cells, oocytes coexpressing the tethered ␣-bungarotoxin consion of this approach to this class of toxins might be problematic. To investigate this possibility, we next struct and neuronal ␣7 nAChRs were incubated overnight in the presence of oocytes expressing ␣7 nAChRs tested tethered toxins directed toward voltage-gated Na ϩ and Ca 2ϩ channels. In both cases, we have been only (Figure 4) . Each oocyte was then separated from its neighbors, and recordings of nAChR activity in reable to construct tethered toxins that retained both their activity and specificity against their target channels.
sponse to acetylcholine were measured. As shown in Figure 4 , the receptors on oocytes coexpressing the Thus, the tethered -O-conotoxin MrVIA (t-MrVIA) 
Zebrafish embryos were injected with dual promoter was directly tested in cells expressing t-␣Bgtx by electrophysiological responses to fast application of 10 M constructs encoding either t-␣Bgtx or t-Bgtx driven by the muscle-specific ␣-actin promoter and cytoplasmic
ACh in acutely dissociated muscle cells from these fish. Peak current in nonfluorescent muscle cells revealed EGFP driven by the CMV promoter. As shown in Figure  5A , muscle fibers expressing EGFP were readily identirobust responses to ACh (mean current 1.4 nA, n ϭ 10), whereas no response was recorded in fluorescent fied in fish injected with both tethered toxin constructs. Synaptic sites on EGFP fluorescent muscle cells and muscle cells coexpressing EGFP and t-␣Bgtx (mean current 0 nA, n ϭ 10) ( Figure 5D ). Taken together, these their immediate neighbors were identified by labeling with conjugated-fasciculin (FasII) that labels acetylchodata prove that the tethered bungarotoxins retain their specificity in vivo, that they act cell autonomously, and linesterase at postsynaptic sites. The positions and morphology of synapses revealed by FasII binding were that t-␣Bgtx provides an effective block of its cognate receptor in vivo, even under conditions of extremely unaffected in the t-␣Bgtx and t-Bgtx expressing cells, indicating that the expression of tethered bungarotoxins high receptor expression. These data also indicate that silencing of muscle nicotinic receptor activity in individdid not interfere overtly with synapse development. However, muscle cells expressing t-␣Bgtx had greatly ual muscle cells during zebrafish development has no gross effect on the development or distribution of neuroreduced to nonexistent levels of soluble rhod-Bgtx labeling, demonstrating that the muscle nicotinic recepmuscular synapses. tors in the t-␣Bgtx expressing cells were occupied. t-Bgtx expressing cells retained normal levels of rhodDiscussion Bgtx labeling (Figures 5A and 5C ). To provide further evidence that the block in rhod-Bgtx labeling was due
We have demonstrated here that peptide neurotoxins from several classes retain their activity and specificity to the occupation of the muscle nicotinic receptors by t-␣Bgtx, twitch once zebrafish mutants that expressed for ligand-gated and voltage-gated ion channels when tethered to the cell membrane via a GPI anchor and high levels of the receptor over the entire muscle surface were employed. As shown in Figure 5B , rhod-Bgtx bindthat they act cell autonomously in Xenopus oocytes and zebrafish muscle fibers. The ability to tether these ing is observed over the surface of control EGFP-negative muscle cells and of EGFP-positive cells expressing naturally occurring peptide neurotoxins to the cell surface in a manner that preserves their activity and specit-Bgtx, whereas no labeling is detected in EGFP-positive cells expressing t-␣Bgtx. Finally, nAChR function ficity, combined with the use of BAC transgenic con- tethered toxins could be employed to examine the influence of receptor function or neuronal activity on behav-
